ABSTRACT: Four experiments were conducted to investigate the effects of deoxynivalenol (DON) from naturally contaminated dried distillers grains with solubles (DDGS) and the efficacy of feed additives in nursery pig diets. In Exp. 1, 180 pigs (10.3 ± 0.2 kg BW) were fed 1 of 5 diets for 21 d. Diets were 1) Positive Control (PC; < 0.5 mg/kg DON), 2) Negative Control (NC; 4 mg/kg DON), 3) NC + 0.10% Biofix (Biomin Inc., Herzogenburg, Austria), 4) NC + 0.15% Cel-can (VAST Inc., Mason City, IA) and 0.50% bentonite clay, and 5) NC + 0.25% Defusion Plus (Cargill Animal Nutrition, Minneapolis, MN). Pigs fed the NC diet had poorer (P < 0.01) ADG than those fed the PC. Pigs fed Defusion Plus had improved (P < 0.03) ADG over those fed NC, whereas pigs fed Biofix or Cel-can with bentonite clay had reduced ADG (P < 0.01) compared with those fed PC. In Exp. 2, 340 pigs (11.7 ± 0.1 kg BW) were fed 1 of 8 diets for 21 d. Diets were 1) PC (< 0.5 mg/kg DON), 2) Low NC (1.5 mg/ kg DON), 3) Low NC + 0.15% Biofix, 4) Low NC + 0.30% Biofix, 5) High NC (3.0 mg/kg DON), 6) High NC + 0.30% Biofix, 7) High NC + 0.45% Biofix, and 8) Diet 7 with 5% added water. Increasing the DON level reduced (linear; P < 0.05) ADG, ADFI, and pig BW, and Biofix did not improve performance. In Exp. 3, 1,008 pigs (12.5 ± 0.3 kg BW) were fed 6 treatments for 24 d. Diets were 1) PC ( < 0.5 mg/kg DON), 2) NC (3 mg/kg DON), 3) NC + 0.25% Defusion, 4) NC + 0.50% Defusion, 5) Diet 3 with supplemental nutrients, and 6) Diet 5, pelleted. Pigs fed the NC had decreased (P < 0.01) ADG and ADFI, but adding Defusion improved (linear; P < 0.04) ADG and ADFI over pigs fed NC. Pelleting improved (P < 0.01) both ADG and G:F, resulting in ADG above PC pigs. In Exp. 4, 980 pigs (12.0 ± 0.3 kg BW) were fed 1 of 7 diets in a 28-d trial in a 2 × 3 + 1 factorial arrangement. The 7 treatments were based on 3 diets fed in meal or pellet form: 1) PC (< 0.5 mg/kg DON), 2) NC (3 mg/kg DON), and 3) NC + 0.25% Defusion. Treatment 7 was Diet 3 with supplemental nutrients in pellet form. No interactions were observed between pelleting and Defusion. Pigs fed the NC had decreased (P < 0.01) ADG and ADFI, and pelleting improved (P < 0.01) ADG to PC levels, driven by improved (P < 0.01) G:F. Adding nutrients or Defusion had no effect. Overall, these studies show that Defusion and pelleting can help overcome some of the negative effects of DON, whereas other feed additives and additional nutrients do not.
INTRODUCTION
Deoxynivalenol (DON), colloquially known as vomitoxin, is an important mycotoxin in pigs because it occurs frequently and at levels of toxicological relevance in cereal grains. Pigs are the most susceptible livestock species, reacting primarily with decreased feed intake, immune suppression, and, at high concentrations, emesis and complete feed refusal (Forsyth et al., 1977; Rotter et al., 1996a; Eriksen and Pettersson, 2004) .
Although the traditional method of diluting DON concentrations during diet formulation is effective (Patterson and Young, 1993) , the frequently regional distribution of DON-affected areas may rule out dilution as a viable option; consequently, swine producers often must utilize DON-contaminated grains that elicit negative effects on growth, characterized as > 1 mg/kg in growing pigs (Dänicke et al., 2001) . Corn dried distillers grains with solubles (DDGS) also present significant problems because the DON level is generally 3 times greater than the concentration in the original corn source. Several types of detoxification have been proposed to mitigate DON effects. These strategies are typically categorized as technical treatments in which contaminated feed is manipulated chemically, physically, or biologically before feeding or in situ treatments in which adsorbents, probiotics, or enzymes are used to limit DON effects during digestion. Dänicke (2002) summarized that to date, both strategies have proven largely ineffective against DON in both in vitro models (Avantaggiato et al., 2007; Sabater-Vilar et al., 2007) and in vivo growth studies (Friend et al., 1984; Dänicke et al., 2004; Döll et al., 2005) .
Although no DON-detoxifying agents have efficacy claims that are approved by the U.S. Food and Drug Administration, some products are reported to be of benefit. Our experiments were designed to evaluate the effectiveness of 3 commercially available feed additives and pelleting on nursery pig performance when diets contain DON from a naturally contaminated source of DDGS.
MATERIALS AND METHODS
All experimental procedures and animal care were approved by the Kansas State Institutional Animal Care and Use Committee. All diets were corn-soybean-meal-based, and both a DON-free and naturally contaminated source of corn DDGS were provided by Hubbard Feeds (Mankato, MN). The DDGS were analyzed for mycotoxin concentrations, and the analyzed values were used during diet formulation to incorporate DON into the test diets at desired concentrations. Diets were formulated to meet or exceed all nutrient requirement estimates (NRC, 1998) .
In Exp. 1 to 4, several commercial feed additives were tested. Biofix (Biomin Inc., Herzogenburg, Austria) contains both a constituent of yeast cell walls designed to adsorb specific areas of the DON molecule and enzymes purported to degrade the DON molecule. These ingredients have shown effectiveness against aflatoxin and some tricothecenes (Yiannikouris et al., 2004) , but previous results against DON have been unsatisfactory. Cel-can (VAST Inc., Mason City, IA) is a mixture of yeast components that supplies fermentation metabolites in combination with bentonite clay aimed at binding and adsorbing mycotoxins. Defusion Plus (Cargill Animal Nutrition, Minneapolis, MN) is a combination of preservatives, antioxidants, amino acids, and direct-fed microbials that is thought to mitigate some of the toxic effects of DON. Defusion (Cargill Animal Nutrition, Minneapolis, MN) was tested in Exp. 3 and 4 and contains a similar ingredient profile to Defusion Plus used in Exp. 1.
Experiment 1
A total of 180 barrows and gilts (Line TR4 × 1050; PIC, Hendersonville, TN), initially 10.3 ± 0.2 kg BW and 34 d of age, were used in a 21-d growth experiment to evaluate the ability of 3 feed additives to ameliorate the negative effects associated with DON contamination in nursery pig diets. Pigs were allotted to pens by initial BW and gender and pens were assigned to 1 of 5 dietary treatments in a randomized complete block design (RCBD), with both initial BW and location in the barn serving as blocking factors. There were 6 replicate pens per treatment with 6 pigs per pen. Five diets were formulated to provide the following treatments: 1) Positive Control (PC; < 0.5 mg/ kg DON), 2) Negative Control (NC; 4 mg/kg DON), 3) NC + 0.10% Biofix, 4) NC + 0.15% Cel-can and 0.50% bentonite clay, or 5) NC + 0.25% Defusion Plus. Experimental diets were presented in meal form and were fed from d 0 to 21. All diets were formulated to be identical in nutrient composition and contained a total of 17% DDGS (Table 1) .
All diets were manufactured at the Kansas State University Animal Science Feed Mill. Samples of each diet were collected from feeders between each weigh day and were blended, subsampled, and sent to the Veterinary Diagnostic Laboratory at North Dakota State University (NDSU; Fargo, ND) for 17-component mycotoxin analysis (Table 2) . Although all diets were stored under similar conditions, samples of the NC diet and the diet containing Defusion Plus were also collected at the end of the trial to determine if DON levels changed over time. All samples were sent for analysis at the conclusion of the trial.
This experiment was conducted at the Kansas State University Swine Teaching and Research Center. Each pen (1.22 × 1.52 m) contained a 4-hole, dry selffeeder and a nipple waterer to provide ad libitum access to feed and water. Pig weight and feed disappearance were measured on d 0, 3, 7, 10, and 21 of the trial to determine ADG, ADFI, and G:F (Table 3) .
Experiment 2
A total of 340 barrows (Line 1050; PIC, Hendersonville, TN; initially 11.7 ± 0.1 kg BW and 35 d of age) were used in a 21-d growth experiment. Pigs were allotted to pens by BW, and pens were assigned to 1 of 8 treatments in a RCBD, with initial BW location in the barn serving as the blocking factor. There were 9 replicate pens per treatment with 4 to 5 pigs per pen. All pigs were initially fed common commercial diets for the first 14 d. On d 14 postweaning (d 0 of the experiment), diets comprising the 8 experimental treatments (Table 4) were fed to the pigs. All diets contained 20% corn DDGS. Based on the initial mycotoxin analysis of base ingredients (Table 5) , the 8 experimental diets were formulated to contain 1) PC (< 0.5 mg/kg DON), 2) Low NC (1.5 mg/kg DON), 3) Low NC + 0.15% Biofix, 4) Low NC + 0.30% Biofix, 5) High NC (3.0 mg/kg DON), 6) High NC + 0.30% Biofix, 7) High NC + 0.45% Biofix, and 8) High NC + 0.45% Biofix and 5% water added to the diet.
We hypothesized that adding water to diets containing Biofix would enhance the ability of the yeast cell wall constituents to absorb and degrade the mycotoxin molecule; therefore, water was added at 5%, which diluted nutrient concentrations in the remainder of the diet.
This experiment was conducted at the Kansas State University Segregated Early Weaning Research Facility in Manhattan, KS. Each pen (1.22 × 1.22 m) contained a 4-hole, dry self-feeder and 1-cup waterer to provide ad libitum access to feed and water. Base corn, soybean meal, and the 2 sources of DDGS were sent to Romer Labs (Union, MO) and tested for mycotoxin content. These results were used in diet formulation before diets were manufactured at the Kansas State University Animal Science Feed Mill.
After diet manufacturing, each diet was sampled and tested at Romer Labs as well as NDSU Veterinary Diagnostic Laboratory (Table 6) . Experimental diets were presented in meal form and were fed from d 0 to 21. Average daily gain, ADFI, and G:F were determined by weighing pigs and measuring feed disappearance on d 4, 7, 14, and 21 of the trial (Table 7) .
Experiment 3
A total of 1,008 barrows and gilts (Fast/PIC × Line TR4; Fast Genetics, Saskatoon, SK, Canada; PIC, Hendersonville, TN), initially 12.5 ± 0.3 kg BW, were used in a 24-d growth experiment to evaluate the effect of increased levels of Defusion along with supplemental nutrients and pelleting on the growth performance of nursery pigs fed DON-contaminated diets. Six dietary treatments were arranged in an RCBD, with 6 replicate pens per treatment and average initial pig BW as the blocking factor. Pens were allotted to treatment based on initial pen weight, with an average of 28 pigs per pen (14 barrows, 14 gilts). The experimental diets were formulated (Table 8) to provide the following treatments: 1) PC ( < 0.5 mg/kg DON), 2) NC (3 mg/kg DON), 3) NC + 0.25% Defusion, 4) NC + 0.50% Defusion, 5) NC + 0.25% Defusion with supplemental nutrients, and 5 Three feed additives were tested in the Negative Control diet: 0.15% Biofix, 0.25% Defusion Plus, and 0.15% Cel-can with 0.50% bentonite clay. In each diet, additives were included at the expense of corn.
6 Standardized ileal digestible. 6) Diet 5, pelleted. Diets 1 to 5 were fed in meal form.
For treatments 5 and 6, the added nutrients included supplemental choice white grease (CWG), monocalcium phosphate, l-Lys, methionine hydroxy analog, and l-Thr. These supplemental nutrients were added to increase the nutrient density for pigs exposed to DON to potentially offset the known ADFI reductions associated with DON. Treatments 1 to 4 were medicated with chlortetracycline (CTC) at 0.22 g/kg, and treatments 5 and 6 with supplemental nutrients were medicated with CTC at 0.24 g/kg. Due the high sodium content in Defusion (23.73% Na), diets with added Defusion contained a lower inclusion rate of salt.
Dried distillers grains with solubles originated from a low-DON (0.7 mg/kg DON) and DON-contaminated (15.8 mg/kg DON) source; both were subsampled 10 times, and samples were homogenized before being sent to the NDSU Veterinary Diagnostic Laboratory for a 17-component mycotoxin analysis (Table 9) , which was then used for diet formulation. Based on these results, corn DDGS was incorporated at 15.85% to achieve desired DON concentrations. All diets were manufactured at Hubbard Feeds in Mankato, MN. Treatment 6 was pelleted using a CPM 7800 (California Pellet Mill, Crawfordsville, IN) equipped with a 635-mm-thick stainless steel 32-mm pellet die with a conditioning temperature of 54.4°C. Following diet manufacturing, a sample of each diet was collected and analyzed for DON levels using an ELISA test kit (Neogen Inc., 2007) at MVTL Laboratories (New Ulm, MN).
This experiment was conducted at the New Fashion Pork Research Nursery (Buffalo Center, IA). Each pen (1.75 × 4.05 m) contained a 5-hole, dry self-feeder and provided ad libitum access to feed and water. Pig weights and feed disappearance were measured on d 0, 7, 14, and 24 to determine ADG, ADFI, and G:F (Table 10) .
Experiment 4
A total of 980 barrows and gilts (Fast/PIC × TR4; Fast Genetics, Saskatoon, SK, Canada; PIC, Hendersonville, TN), initially 12.0 ± 0.3 kg, were used in a 28-d growth experiment. This experiment was designed as a follow-up to Exp. 3 to further evaluate the impact of adding Defusion in combination with pelleting on the growth performance of nursery pigs fed DON-contaminated diets. Seven dietary treatments were arranged in an RCBD with a 2 × 3 + 1 factorial arrangement with 5 replicate pens per treatment, and average initial pig BW was used as the blocking factor. Pens were allotted to treatments based on initial pen a,b and x,y Within a row, means without a common superscript differ P < 0.05 and P < 0.10, respectively. 1 A total of 180 pigs (PIC TR4 × 1,050, initially 10.3 ± 0.2 kg) were used in a 21-d trial with 6 pigs per pen and 9 pens per treatment. 2 The analyzed average DON level was 4.6 mg/kg, and the average total DON was 5.6 mg/kg.
3 Biofix (Biomin Inc., Herzogenburg, Austria).
weight, with an average of 28 pigs per pen (14 barrows, 14 gilts). Seven experimental treatments were formulated based on 4 experimental diets fed in meal (M) or pellet (P) form: 1) PC ( < 0.5 mg/kg DON), 2) NC (3 mg/kg DON), and 3) NC + 0.25% Defusion. Treatment 7 was Diet 3 (NC + 0.25% Defusion) with supplemental nutrients fed only in pellet form. The added nutrients included CWG, monocalcium phosphate, l-Lys, methionine hydroxy analog, and l-Thr. These supplemental nutrients were added to increase the nutrient density for pigs exposed to DON to potentially offset the known ADFI reductions associated with DON. Diets 1 to 6 were medicated with CTC at 0.22 g/kg, whereas treatment 7 with supplemental nutrients used CTC at 0.24 g/ kg. Due the high sodium content in Defusion (23.73% Na), diets with added Defusion contained a lower inclusion level of added salt. Dried distillers grains with solubles originated from the same source as in Exp. 3 and were analyzed in the same fashion. Based on these results (Table 11) , corn DDGS were incorporated into diets at 23.5% to achieve desired DON concentrations (Table 12 ). All diets were manufactured at Hubbard Feeds in Mankato, MN. Diets were pelleted using a CPM 7800 equipped with a 635-mm-thick stainless steel 32-mm pellet die with conditioning temperatures averaging 57.0 ± 3.1°C. Particle sizes averaged 636 µm for the diets fed in meal form. Mycotoxin analyses were conducted at NDSU using a full 17-component toxin screen.
This experiment was conducted at the New Fashion Pork Research Nursery in Buffalo Center, IA. Each pen (1.75 × 4.05 m) contained a 5-hole, dry self-feeder and provided ad libitum access to feed and water. Pig weights and feed disappearance were measured on d 0, 7, 14, and 24 of the trial to determine ADG, ADFI, and G:F (Table 13 ).
Mycotoxin Analysis
In Exp. 1 to 4, samples of the base corn and DDGS were sent to the NDSU Veterinary Diagnostic Laboratory for a 17-component mycotoxin analysis. In Exp. 1, 2, and 4, complete diet samples were also sent to NDSU for analysis. The analysis for tricothecene mycotoxins (DON, , 3-Acetyl DON, nivalenol, and T-2 toxin) along with zearalenone and zearalenol was conducted according to a modified version of Groves et al. (1999) using gas chromatography coupled with mass spectrometry. Aflatoxins and fumonisins are analyzed by HPLC. Samples were tested on an as-fed basis, and the practical quantitation limit for all mycotoxins was 0.5 mg/kg. In Exp. 2, complete diet samples were initially tested for mycotoxin levels at Romer Labs using an HPLC extraction method (Romer Labs Inc., 1 Romer Laboratories (Union, MO). Samples analyzed using a combination of gas chromatography, high-pressure liquid chromatography, and mass spectrometry with a practical quantitation limit of 0.2 mg/kg. Reported value is an average of 2 separate analyses.
2 Total DON levels as a combination of DON and 15-ADON because these 2 compounds have similar toxicity (Pestka, 1987) .
3 North Dakota State University Veterinary Diagnostic Laboratory (Fargo, ND). Samples were sent for 17-component mycotoxin analysis and analyzed using a variety of mass spectrometry, ELISA, and HPLC methods. Included in the table are mycotoxins found at levels above detection limits. The 5% water treatment is a duplicate of the high-DON, 0.45% Biofix (Biomin, Herzogenberg, Austria) treatment diluted with 5% water (2.85 mg/kg DON, 0.427% Biofix).
2 Romer Laboratories (Union, MO). Samples analyzed using a combination of gas chromatography, high-pressure liquid chromatography, and mass spectrometry with a practical quantitation limit of 0.2 mg/kg. Reported value is an average of 2 separate analyses.
3 North Dakota State University Veterinary Diagnostic Laboratory (Fargo, ND). Samples were sent for 17-component mycotoxin analysis and analyzed using a variety of mass spectrometry, ELISA, and HPLC methods. Included in the table are mycotoxins found at levels above detection limits. 4 Reported value is an average of the 3 analyses conducted (2 analyses at Romer Labs and one at NDSU). 2012) with a minimum quantitation limit of 0.15 mg/ kg. In Exp. 3, complete diet samples were tested at MVTL Laboratories and tested for DON levels using an ELISA test kit with a range of quantitation between 0.5 and 5.0 mg/kg.
Statistical Analysis
For all 4 experiments, data were analyzed as an RCBD using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC) with pen as the experimental unit. In Exp. 1, when treatment effect was a significant source of variation, means were separated using the PDIFF option of SAS. In Exp. 2 to 4, treatment means were analyzed using the LSMEANS statement and preplanned CONTRAST statements in SAS, with block as the random component. In Exp. 2, the fixed factors in the model included DON level and Biofix inclusion. Preplanned contrasts in Exp. 2 included low vs. high DON, the effect of adding 5% water to high-DON diets with 0.45% Biofix, and the linear and quadratic effects of both increasing levels of DON and increasing levels of Biofix in low-and high-DON diets. The coefficients for the unequally spaced linear and quadratic contrasts were derived using the PROC IML procedure in SAS. In Exp. 3, the preplanned contrasts included 1) DON vs. non-contaminated, 2) linear and quadratic effects of levels of Defusion, 3) effect of supplemental nutrients in NC diets with 0.25% Defusion, and 4) diet form (pellet vs. meal) in NC diets containing 0.25% Defusion and supplemental nutrients. For Exp. 4, the model included pelleting and the inclusion of Defusion as fixed factors. Preplanned contrasts in Exp. 4 were 1) the 2-way interaction between pelleting and adding 0.25% Defusion in NC diets, 2) DON vs. noncontaminated, 3) diet form (pellet vs. meal), 4) the addition of Defusion in NC diets, and 5) the effect of supplemental nutrients in NC diets with 0.25% Defusion (pellet form). In all 4 experiments, least squares means were calculated for each independent variable and mean differences were considered significant at P < 0.05 and trends at P < 0.10.
RESULTS

Experiment 1
The analyzed dietary DON concentration for the PC diet was 0.8 mg/kg (Table 2 ). In addition, analyzed dietary DON concentration for the NC, Biofix, Celcan with clay bentonite, and Defusion Plus treatments were 4.6, 4.4, 4.3, and 5.1 mg/kg, respectively. Also, 3-Acetyl DON, 15-ADON, fumonisin B 1 , and zearelenone were detected in diets at or below cautionary dietary limits.
Overall (d 0 to 21), pigs fed the PC diet had greater (P < 0.01) ADG and ADFI than pigs fed DON-contaminated diets (Table 3 ). The addition of Biofix or Cel-can with bentonite clay had no effect on ADG, ADFI, or G:F in NC diets; however, pigs fed diets containing Defusion Plus had greater ADG (P < 0.03) than pigs fed the NC as well as diets containing Biofix or Cel-can with bentonite 4 Each contrast compared the following treatments: (1) "DON effect" evaluated the linear and quadratic effects of the Positive Control vs. Low-and High-DON NC treatments; (2) "Low vs. High DON" compared the 3 Low-DON treatments to the 3 High-DON treatments; (3) "Biofix Low-DON" and (4) "Biofix High-DON" evaluated the linear and quadratic effects of increasing Biofix levels in Low-DON or High-DON diets, respectively. The effect of adding 5% water to High-DON diets with 0.45% Biofix was not significant (P > 0.202). clay. Pigs fed the PC diet had improved G:F (P < 0.03) compared with pigs fed the NC diet and diets containing Biofix or Cel-can with bentonite clay. Pigs fed Defusion Plus had improved G:F (P < 0.04) compared with pigs fed NC diets and tended to have improved (P < 0.081) G:F compared with pigs fed diets containing Biofix.
At d 3 and 7, pigs fed the PC diet were heavier (P < 0.02) than pigs fed the other diets. At d 10 and d 21, pigs fed the PC diet remained heavier (P < 0.01) than pigs fed other diets; however, at d 10 the pigs fed diets containing Defusion Plus tended (P < 0.073) to be heavier than those fed NC diets or diets containing Biofix. At d 21, pigs fed Defusion Plus diets were heavier (P < 0.05) than pigs fed the remaining treatment diets.
Experiment 2
After diet sampling, the analyzed DON concentrations from Romer Labs were greater and more variable between diets than expected, so the samples were analyzed a second time. Technicians at Romer Labs indicated that their analysis procedures are less accurate when DON concentrations exceed 5 mg/kg (such as with the high-DON DDGS used in the diets). A separate set of ingredient and diet samples were then sent to the NDSU Veterinary Diagnostic Laboratory for comparative analysis. The NDSU results for the contaminated DDGS were approximately 50% greater (15.8 mg/kg) than the results reported by Romer Labs (10.1, 12.1 mg/kg), which explains why the test diets formulated to contain 1.5 (low-DON) and 3.0 mg/kg (high-DON) actually averaged approximately 2.0 and 4.1 mg/kg, respectively. Based on variability between labs and analyses, an average level of DON and Total DON for each diet was calculated representing the mean of the 3 separate analyses (Table 4) .
For the overall trial period (d 0 to 21), increasing DON from 1.5 to 3.0 ppm decreased (linear; P < 0.05) ADG and ADFI, which was primarily due to a decrease in ADFI when DON levels increased from 1.5 to 3.0 mg/kg. Concentration of DON did not influence G:F. Within DON-contaminated diets, pigs fed high-DON diets had poorer (P < 0.01) ADG than those fed low- DON diets, which was driven by a reduction in ADFI (P < 0.01) because G:F was not affected. Within low-DON diets, ADFI increased (quadratic, P < 0.01) with the addition of 0.15% Biofix, but at 0.30% Biofix, ADFI dropped to a level similar to the low NC. Conversely, G:F worsened (quadratic, P < 0.01) when 0.15% Biofix was added, which recovered when 0.30% Biofix was added. This fluctuation in ADFI and G:F explains why adding 0.15% or 0.30% Biofix did not influence ADG in low-DON diets. Within high-DON diets, no differences were observed in ADG or G:F when pigs were fed 0.30% or 0.45% Biofix, although pigs fed increasing levels of Biofix tended (quadratic, P = 0.082) to have lower ADFI than pigs fed the high NC diet. The addition of 5% water to high-DON diets with 0.45% Biofix did not influence ADG, ADFI, or G:F. Pigs fed increasing levels of DON weighed less (linear, P < 0.02) at d 4 and d 7 compared with the PC pigs, with similar responses on d 14 (quadratic, P < 0.05) and on d 21 (linear, P < 0.04). Within DONcontaminated diets, pigs fed high-DON levels had lower BW (P < 0.01) than pigs fed diets containing low-DON concentrations. When Biofix concentrations were increased in high-DON diets, pig BW decreased (quadratic, P < 0.04) at d 14, and those pigs tended to weigh less (quadratic, P = 0.069) at d 21, but increasing Biofix in low-DON diets did not affect pig BW at any time point. Adding 5% water to high-DON diets with 0.45% Biofix did not affect pig BW at any of the weigh periods.
Experiment 3
Analyzed DON concentration for the PC diet was 0.6 mg/kg, below critical concentrations of DON in nursery pig diets (> 1 mg/kg; Dänicke et al., 2001 ). The analyzed dietary DON concentrations for NC, NC + 0.25% Defusion, NC + 0.50% Defusion, and NC + 0.25% Defusion with increased nutrients (meal form) were lower than formulated levels (3 mg/kg) at 2.6, 2.0, 2.0, and 2.1 mg/kg, respectively. When the NC + 0.25% Defusion with increased nutrients was pelleted, analyzed DON levels decreased to 1.1 mg/kg.
Overall (d 0 to 24), pigs fed NC diets containing DON had decreased (P < 0.01) ADG compared with those fed PC diets, which was driven by a decrease (P < 0.01) in ADFI, with G:F remaining unaffected (Table  10) . Within NC diets, increasing Defusion improved (linear, P < 0.01) ADG by increasing (linear, P < 0.04) ADFI, but did not influence G:F. Adding supplemental nutrients to DON-contaminated diets with 0.25% Defusion fed in meal form improved (P < 0.01) G:F, but due to the simultaneous reduction (P < 0.01) in ADFI, ADG did not differ. Pelleting DON-contaminated diets containing 0.25% Defusion improved (P < 0.01) ADG, driven by a typical pelleting response in which G:F was improved (P < 0.01) and ADFI was unaffected.
Regarding pig BW, no differences were observed on d 7 across treatments. Additionally, feeding 3 mg/kg DON did not affect pig BW on d 14, but pigs fed DONcontaminated diets tended (P = 0.077) to weigh less at the conclusion of the trial on d 24. Within DON-contaminated diets, increasing Defusion tended to increase (linear; P = 0.098) pig BW at d 14 and 24. Although adding supplemental nutrients to DON-contaminated diets with 0.25% Defusion did not alter pig BW, pelleting the diet improved (P < 0.01) final BW on d 21 within treatments where supplemental nutrients were fed.
Experiment 4
Analyzed total DON was reported as a combination of DON and 15-ADON, which has been shown < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 < 0.5 -1 A total of 980 barrows and gilts (Fast/PIC × TR4; initially 12.0 ± 0.3 kg) were used in a 28-d growth experiment with 28 pigs per pen and 5 replicate pens per treatment.
2 Dried distillers grains with solubles and diet samples were sent to the North Dakota State University Veterinary Diagnostic Laboratory, Fargo, ND, for a full 17-component toxin screen. Samples were analyzed using a variety of mass spectrometry, ELISA, and HPLC methods with a practical quantitation limit of 0.5 mg/kg. Included in the table are mycotoxins found above detection limits.
3 Positive Control diet formulated to contain < 0.5 mg/kg DON and all remaining diets formulated to contain 3 mg/kg DON.
4 Deoxynivalenol (DON).
5 Defusion (Cargill Animal Nutrition, Minneapolis, MN).
6 Supplemental nutrients included additional soybean meal, choice white grease, minerals, synthetic amino acids, and medication. Diet samples for mycotoxin analysis were not available. to have similar toxicity in the pig (Pestka, 1987) . In PC diets, DON concentrations were < 0.5 mg/kg and 0.5 mg/kg for the meal and pelleted forms, respectively. Negative Control DON levels were analyzed to be 3.3 mg/kg in both meal and pelleted form. When 0.25% Defusion was added to NC diets, DON levels were 2.9 mg/kg in meal diets and 1.7 mg/kg in pelleted diets. Diet samples from the NC diet with 0.25% Defusion where supplemental nutrients were added were not available for mycotoxin analysis.
Overall (d 0 to 28), no interactions occurred between the main effects of pelleting and adding Defusion to DON-contaminated diets. Pigs fed NC diets had reduced (P < 0.01) ADG and ADFI compared with those fed the PC, but they did not differ in G:F. Pelleting the diet increased (P < 0.01) ADG, stimulated by an improvement (P < 0.01) in G:F, but no difference was observed in ADFI compared with diets fed in meal form. The addition of 0.25% Defusion to DON-contaminated nursery pig diets did not affect ADG, ADFI, or G:F; furthermore, adding supplemental nutrients to DONcontaminated pelleted diets with 0.25% Defusion did not influence nursery pig performance. For pig BW, pigs fed diets containing 3 mg/kg DON weighed less (P < 0.05) at d 7, 14, and 28 and tended to weigh less (b) at d 21 than those fed PC diets. Additionally, pigs fed pelleted diets were heavier (P < 0.05) each week than those fed diets in meal form. Finally, neither Defusion nor supplemental nutrients influenced pig BW at any of the weekly time points during the experiment.
DISCUSSION
Although the informal name "vomitoxin" implies that feeding DON commonly results in vomiting, very few studies confirm this (Etienne and Waché, 2008) . Deoxynivalenol concentrations as high as 20 mg/kg can elicit emesis in young pigs (Young et al., 1983) , but during "Fusarium years," when DON contamination of cereal crops is widespread, typical DON concentrations are much lower, with regionally affected corn averaging 3.1 mg/kg (Côté et al., 1984) . For DON concentrations below 20 mg/kg in cereal grains, Etienne and Waché (2008) described a 4% reduction in ADFI and 7% reduction in ADG for each additional mg/kg of DON when final diet concentrations exceed 1 mg/kg. In the current trials, DON was incorporated into NC diets using naturally DON-contaminated DDGS, for which DON-related reductions in growth performance had not been previously quantified. In Exp. 2, when low DON levels (1.5 mg/kg) were tested, neither ADFI (564 vs. 560 g) nor ADG (896 vs. 911 g were different from pigs fed PC diets, whereas in pigs fed DON levels above 1.5 mg/kg in Exp. 1 to 4, ADFI was reduced by 4% and ADG by 5% for each additional mg/kg of DON in the final diet. In Exp. 2, even feeding high-DON diets (4.4 mg/kg) caused growth reductions that were not as marked as in the other 3 experiments for unknown reasons. The variation in DON effects both within and between experiments may be associated with the presence of low levels of other DON metabolites (e.g., 15-ADON, 3-Acetyl DON) in naturally contaminated feedstuffs, which can further exacerbate DON effects (EFSA, 2009) . Finally, it is also noteworthy that in Exp. 2 only castrated males were used, whereas the other 3 experiments used both castrated males and gilts. Although less significant effects were seen in Exp. 2, if sex-related, these results would contrast with Côté et al. (1985) , who reported lower and more variable weight gains in castrated males than in gilts fed the same DON-contaminated diets. In all 4 experiments, high DON levels affected pig growth most markedly during the initial period, reducing ADG in the NC diet to approximately 33% and 76% of pigs fed the PC diet on d 3 (126 vs. 386 g/d; Exp. 1) and d 4 (288 vs. 377 g/d; Exp. 2). Reductions in performance due to DON continued throughout the entire trial in Exp. 1 and 4, which used diet treatments with greater concentrations of DON than Exp. 2 and 3. In Exp. 2 and 3, after the decrease in performance during the initial period, pigs fed low-DON NC diets performed similarly to pigs fed the PC. This result agrees with a review of the dose-dependent DON effects on feed intake by Etienne and Waché (2008) , who suggested that the suppression of feed intake usually persists for the duration of the experiment when DON concentrations exceed 3 mg/kg (Côté et al., 1985; Lun et al., 1985) , but normal intake usually recovers after 1 to 2 wk for lower DON concentrations (Grosjean et al., 2002) .
Although DON effects were primarily driven by decreased feed intake, feed efficiency was also depressed during the initial period in all 4 experiments. After the initial decrease, feed efficiency for pigs fed DON-contaminated diets was generally similar to those fed the PC diet. This reduction in G:F may be associated with wasted feed from pigs sorting through the feed. Additionally, it may be connected with immune system stimulation during the initial exposure to low to moderate levels of DON, which could increase the maintenance requirement of the pig. Pestka et al. (2004) described a DON-stimulated upregulation of the expression of cytokines, chemokines, and inflammatory genes, and high doses of DON promote leukocyte apoptosis with concurrent immune system suppression (Pestka et al., 2004; Oswald, 2007) .
When the 3 commercially available feed additives were tested at their recommended levels in diets containing an average of 4.6 mg/kg DON in Exp. 1, the growth performance of pigs fed these products remained lower than pigs fed the PC (0.8 mg/kg DON). Adding 0.25% Defusion Plus increased ADG by 12% compared with NC, driven by an 9% improvement in G:F and a numeric increase (3%) in ADFI. This result agrees with reports by Mahan (2010) and Patience (2011) , who also saw improvements in ADG when adding a similar product, Defusion, to pigs fed DONcontaminated diets. In contrast, Biofix and Cel-can were ineffective against dietary DON at the inclusion rate used in the present experiments. Whether rates greater than 0.10% of Biofix would be more effective is unclear, but in a study by Mahan (2010) , feeding 0.40% Biofix did not affect the performance of nursery pigs fed diets containing 2 or 7 mg/kg DON.
In Exp. 2, Biofix was tested at varying levels in nursery pig diets containing an average of 2.0 and 4.1 mg/kg DON, respectively. Although adding 0.15% Biofix improved ADFI in low-DON diets, in this experiment, pigs fed the low-DON diets (2.0 mg/kg) did not differ in overall growth performance compared with the PC; moreover, adding 0.30% or 0.45% Biofix to high-DON diets tended to reduce pig weights, although similar levels of Biofix in previous research had also shown no improvements in performance due to Biofix (Mahan, 2010) . Biofix was theorized to be more effective in diets containing added moisture by potentially enhancing the microbial activity of the Saccharomyces cerevisiae yeast culture. In the present experiment, adding 5% water to a diet containing 0.45% Biofix had no effect on growth performance. Heat and a stale odor also built up over time in this diet, which may have contributed to the lack of response. Based on the accumulation pattern of DON during grain storage described by Langseth et al. (1993) , samples from this diet were collected on d 0, 7, 14, and 21 and analyzed to evaluate any change in DON level, which increased slightly (3.0 to 3.8 mg/kg) during the experimental period. Overall, the results of Exp. 1 and 2 reaffirm previous in vivo research, where the use of enzymes and adsorbent materials aimed at binding to the DON molecule in the gastrointestinal tract were largely ineffective (Dänicke et al., 2004; Awad et al., 2010) .
In Exp. 3, adding Defusion to diets containing 2 mg/kg DON improved ADG by approximately 4% and 6% when 0.25% or 0.50% Defusion was added, respectively, which agrees with previous research in which Defusion responses were primarily driven by ADFI improvements (Mahan 2010; Patience 2011) . Overall, pigs fed 0.50% Defusion performed similarly to pigs fed PC diets; furthermore, pelleting the same diet elicited a typical pelleting response, improving ADG by 7.5%, primarily through enhanced feed efficiency, thus surpassing the growth performance of pigs fed PC diets (637 vs. 617 g/day). Although adding Defusion to diets with low-DON improved growth performance in Exp. 3, when DON levels were elevated to approximately 3 mg/ kg in Exp. 4, Defusion had no effect on overall growth performance. Even so, pelleting DON-contaminated diets with and without Defusion increased ADG by over 9% in Exp. 4, offsetting the approximate 7% reduction caused by feeding diets containing 3 mg/kg DON. In both experiments, supplementing additional nutrients in DON-contaminated diets containing 0.25% Defusion had no effect on ADG. No interactions occurred between pelleting and adding Defusion on pig growth performance, but it is notable that pelleting diets containing Defusion resulted in analyzed DON levels 91% and 71% lower for Exp. 3 (2.2 vs. 1.1 mg/kg) and Exp. 4 (2.9 vs. 1.7 mg/kg), respectively.
Defusion contains a variety of ingredients, including preservatives, organic acids, fermentation products, and supplemental vitamins and amino acids; consequently, many possible mechanisms operating independently or in some combination could improve growth performance of pigs fed DON-contaminated diets. One specific ingredient in Defusion is sodium metabisulfite, which, when mixed in combination with heat and moisture, chemically alters the structure of DON to a nontoxic DONsulfonate adduct form (Young et al., 1987) . Therefore, the pelleting process in the presence of Defusion in Exp. 3 and 4 may have provided the hydrothermal action necessary to convert DON and reduce analyzed DON levels, which may be partly responsible for increased feed intake. Defusion-related improvements in feed efficiency as well as the growth performance improvements when diets were fed in meal form cannot be explained by sodium metabisulfite alone, which suggests that additional ingredients in Defusion might also have an effect. Defusion contains l-Trp, which may play a role because increasing the Trp:Lys ratio above 0.18 has shown some improvement in feed conversion (Vinyeta et al., 2010) ; however, a study by Rotter et al. (1996b) showed no evidence that supplemental tryptophan could modulate DON toxicity. Regarding fermentation products, a recent study by Li et al. (2011) reported improvements in pig growth in DON-contaminated diets when Bacillus sp. LS 100 was isolated from chicken digesta and mixed into the diet, suggesting that the addition of Bacillus cultures to Defusion may be able to initiate some microbial detoxification of DON.
The variation in response to Defusion seen in the present study also may be attributed to the fact that in Exp. 1, Defusion Plus, which contains additional flow agents, was used, whereas in Exp. 3 and 4, the standard Defusion product was used. In Exp. 1, adding Defusion Plus at an inclusion rate of 0.25% resulted in increased ADG, driven primarily by an improvement in G:F. Defusion was used at 0.25% in Exp. 3 and 4 and did not improve ADG, but the addition of 0.50% Defusion in Exp. 3 did increase ADG. In this case, the improvement in ADG was driven primarily by improvements in ADFI. The variability in DON or the presence of low levels of other mycotoxins between experiments may have influenced the response to Defusion, but it may also indicate that the ingredient differences between products may also influence nursery pig growth performance.
Deoxynivalenol from naturally contaminated corn DDGS caused reductions in performance in pigs similar to those other researchers have found with DON from other cereal grains. The use of adsorbent materials (e.g., Biofix and Cel-can with bentonite clay) in DON-contaminated diets was ineffective in the present study; nevertheless, Defusion showed promise, because it improved nursery pig growth performance in 2 of 3 experiments. The addition of 0.25% to 0.50% Defusion may lessen the impact of DON in nursery pig diets when dietary DON levels are below 5 mg/ kg, although the mechanism by which performance is improved remains unclear. Finally, the present experiments infer that when feeding DON-contaminated diets, pelleting the diet can provide a predictable improvement in ADG and G:F, which may serve as a way to mitigate DON-related reductions in performance.
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